Introduction
============

Stress is a ubiquitous condition that affects both people and animals. It initiates a series of events, culminating in the activation of the hypothalamic--pituitary--adrenal (HPA) axis and sympathetic nervous system (SNS), including the sympathetic--adrenal--medullary axis, which subsequently release glucocorticoids and catecholamines, respectively. The HPA and SNS axes are the two major pathways through which stress is able to modulate immune functions depending on the nature, intensity and duration of stress ([@bib1]). Chronic stress can stimulate immunosuppression and increase susceptibility to diseases ([@bib2]) or can enhance immune reactivity and induce insensitivity to glucocorticoids, which prevents glucocorticoid-induced suppression of inflammation ([@bib3]). Acute stress increases transiently plasma glucocorticoids, whereas chronic stress is associated with a chronic elevation of circulating glucocorticoids ([@bib4]).

The response of the target cells to glucocorticoids does not merely depend on the level of the free hormone, activity of multidrug resistance efflux pumps and density of glucocorticoid receptors in target cells but also on the prereceptor metabolism of glucocorticoids, which is catalyzed by two enzymes, 11β-hydroxysteroid dehydrogenase type 1 (11HSD1) and type 2 (11HSD2). 11HSD2 is an enzyme that catalyzes the oxidations of cortisol and corticosterone to the inactive cortisone and 11-dehydrocorticosterone, reducing the local glucocorticoid signals. In contrast, 11HSD1 converts biologically inactive 11-oxo steroids (cortisone and 11-dehydrocorticosterone) to cortisol and corticosterone, amplifying the cellular glucocorticoid action ([@bib5]). 11HSD1 is expressed in many organs and tissues, including lymphoid organs and immune cells ([@bib6], [@bib7], [@bib8], [@bib9]). 11HSD2 is predominantly expressed in mineralocorticoid target tissues, but moderate levels of 11HSD2 have also been found in lymphoid organs ([@bib10]). Stressful situations have been shown to modulate the expression of 11HSD1 in the brain and some peripheral organs, but the results are contradictory ([@bib11], [@bib12], [@bib13], [@bib14], [@bib15], [@bib16]). For example, chronic social stress increased 11HSD1 expression in the rat hippocampus ([@bib12]) but decreased it in the hippocampus of tree shrews ([@bib13]) and in the rat testes ([@bib15]). Similarly, chronic restraint stress upregulated 11HSD1 in the liver ([@bib11]) but not in the thymus ([@bib14]).

Given the fact that chronic stress is associated with an increased risk of many diseases including autoimmune disorders ([@bib17], [@bib18]), these effects are often attributed to the dysregulation of the HPA axis ([@bib1], [@bib17]) and the activity of lymphocytes and other leukocytes is potently modulated by glucocorticoids ([@bib19], [@bib20], [@bib21]), the goal of this study was to determine (i) whether social stress influences the local metabolism of glucocorticoids in primary and secondary lymphoid organs, i.e. in the structures where immune cells undergo development and activation and (ii) whether there is any strain predisposition for the effect of stress on the lymphoid organs. To study these questions, we used two inbred rat strains, Fisher 344 (F344) and Lewis (LEW) rats, which represent two ends of a spectrum of HPA axis responsiveness to stress ([@bib22], [@bib23]) and vulnerability to immune diseases ([@bib24]). The F344 strain has been classically used as a model of HPA axis hyperactivity and hyperreactivity to stress, whereas the LEW strain shows vulnerability to immune diseases due to a hypoactive and hyporeactive HPA axis ([@bib22]). To induce stress, the animals were submitted to repeated social defeat, which is the result of intraspecific confrontation between male rats. This model provides a relevant tool to study stress response features, as well as differences in the vulnerability and resilience to stress and exposing the test animal to a dominant and aggressive counterpart for a known period of time is thought to mimic psychological stress in humans ([@bib25]).

Materials and methods
=====================

Animals and social defeat paradigm
----------------------------------

The animals used in the present study were male F344 and LEW rats, aged 65 days, that were purchased from Charles River, Germany. Animals were kept in groups of three to four in standard transparent cages in a temperature-controlled room (23 ± 1°C) on a 12/12-h light/darkness cycle with *ad libitum* access to food and water, and they were left for 3 weeks to acclimatize before any experimental procedure. Additionally, Long Evans retired male breeders (Institute of Physiology, Academy of Science, Prague) were chosen for consistent aggressive behavior. In contrast to the experimental animals, the Long Evans rats were housed individually. The F344 and LEW animals were randomly assigned to four groups, each consisted of eight rats, as follows: (1) control F344 rats, (2) defeated F344 rats, (3) control LEW rats and (4) defeated LEW rats. Control rats were placed in an adjacent room under the lighting conditions mention above and were then left undisturbed in their home cages.

To stress the animals, we used a slight modification of the resident-intruder paradigm validated by other authors ([@bib26]). The resident-intruder test consisted of placing a smaller experimental rat (intruder) in the home cage of a larger and aggressive conspecific rat (resident), which defended its territory and defeated the intruder. The experimental rats were confronted with a resident male for 15 min each in the home cage of a Long Evans rat. The paradigm was repeated once daily for ten consecutive days, and each intruder was exposed to a novel resident to prevent habituation to the resident. No intruder was wounded by the residents during the repeated confrontations. The male rats were used for this study because they are more sensitive to social defeat than females ([@bib27]).

The experiments were performed in the morning (between 09:00 and 12:00 h), and all animal procedures were performed in accordance with Institutional Animal Care and Use Committee regulations.

Tissue collection and processing
--------------------------------

Control rats and the rats after the last social interaction session were immediately anesthetized with isoflurane and blood was collected by cardiac puncture. Then, the rats were decapitated, and the pituitary, thymus, spleen and mesenteric lymphatic nodes (MLNs) were quickly collected, cleaned of fat and connective tissues and weighted. The harvested thymus, spleen and MLN were used immediately for preparation of cell suspension of mobile cells and stroma, as described previously ([@bib6]). Briefly, the lymphoid cell suspensions were prepared in RPMI 1640 medium by pressing the organs with a syringe plunger, filtering the suspension through nylon cell strainer (mesh size 45 µm) and washing the cell suspensions and remaining stroma twice in RPMI 1640 before measurement of the 11HSD activity. Erythrocytes were depleted from the spleen cell suspension by lysis in ACK lysis buffer.

Measurement of 11HSD activity
-----------------------------

Isolated cells and stroma minced into fine pieces were used immediately to measure 11HSD1 and 11HSD2 activities. The 11-reductase activity assay for 11HSD1 was performed by measuring corticosterone produced from 11-dehydrocorticosterone and 11-oxidase assay for 11HSD2 was done by measuring the conversion of corticosterone to 11-dehydrocorticosterone as described previously ([@bib6]). In brief, isolated cells and stroma were incubated in culture media consisting of RPMI 1640 supplemented with 5% charcoal-stripped fetal bovine serum (Biochrom GmbH), 100 IU/mL penicillin, 10 µg/mL streptomycin, 0.3 mg/L [l]{.smallcaps}-glutamine and 4.5 g/L glucose in the presence of 12.8 nM \[^3^H\]11-dehydrocorticosterone or \[^3^H\]corticosterone in an atmosphere of 5% CO~2~ and 95% O~2~ at 37°C. \[^3^H\]Corticosterone was purchased from MP Biomedicals (Santa Anna, USA) and \[^3^H\]11-dehydrocorticosterone was synthesized 'in house' from \[^3^H\]corticosterone using kidney microsomes prepared from guinea pig. After 24 h of incubation, the samples were centrifuged, the pellets used for protein quantification using the BCA method and the steroids extracted from the supernatants using C18 reverse phase Sep-Pak cartridges (Phenomenex, USA). Pituitary 11HSD1 activity was measured in minced pituitary explants using the same tissue culture procedure as for lymphoid organs.

The extracted samples were evaporated to dryness under nitrogen at 40°C, reconstituted in methanol and analyzed using HPLC as previously described ([@bib28], [@bib29]). The elution of radioactive steroids was detected using Radiomatic 150TR Flow Scintillation Analyzer (Canberra Packard, USA) and the identification of radiolabeled corticosterone and 11-dehydrocorticosterone peaks (Supplementary Fig. 1, see section on [supplementary data](#supp1){ref-type="supplementary-material"} given at the end of this article) was performed by comparison with the elution profiles of the unlabeled steroid standards (Steraloids, Newport, RI, USA).

Plasma corticosterone and ACTH determination
--------------------------------------------

The plasma corticosterone and ACTH concentrations were determined using commercially available radioimmunoassay (Corticosterone ^125^I RIA, MP Biomedicals, Solon, OH, USA) and enzyme immunoassay (ACTH ELISA, MD Bioproducts, Eggs, Switzerland) kits, respectively. The samples for each assay were determined in a single run to prevent inter-assay variability according to the manufacturer's instructions. The sensitivity of the corticosterone and ACTH assays were 7.7 ng/mL and 0.22 pg/mL, respectively.

Statistical analysis
--------------------

The results are expressed as the means ± [s.e.m.]{.smallcaps} All calculations were conducted in Statistica 6.1. (StatSoft Inc., Tulsa, OK, USA) using a two-way ANOVA for comparisons involving the effects of stress and strain. The independent variables were the treatment and strain, consisting of two levels, which were unstressed or stressed and F344 or LEW, respectively. *Post hoc* analyses were performed using Fisher's LSD test. Differences were considered significant at *P* \< 0.05.

Results
=======

Effect of stress on weights of thymus, spleen and adrenal gland and on plasma levels of ACTH and corticosterone
---------------------------------------------------------------------------------------------------------------

Statistical analysis revealed a decreased body weight in repeatedly stressed LEW rats but control and stressed F344 rats had similar body weight not only on Day 1 but also on Day 10 ([Table 1](#tbl1){ref-type="table"}). Stress significantly increased the relative adrenal weight in F344 rats but not in LEW rats. No differences were observed in the spleen and thymus weights of stressed and unstressed animals of both strains. Table 1Effect of repeated social defeat on the body and organ weights.F344LEWControlDefeatControlDefeatBody weight day 1184 ± 2188 ± 2247 ± 4244 ± 4Body weight day 10225 ± 3224 ± 3303 ± 3283 ± 2\*\*\*Thymus179 ± 5171 ± 6190 ± 7172 ± 5Spleen241 ± 3239 ± 2202 ± 2^\#\#^222 ± 15Adrenal gland15 ± 122 ± 2\*15 ± 117 ± 0[^1]

[Figure 1](#fig1){ref-type="fig"} shows plasma ACTH and corticosterone levels in unstressed and stressed F344 and LEW rats. A two-way ANOVA revealed a significant effect of stress (*F* ~1,24~ = 16.17, *P* \< 0.01) and strain (*F* ~1,24~ = 11.11, *P* \< 0.01) on ACTH. As given in [Fig. 1A](#fig1){ref-type="fig"}, stress significantly increased ACTH level in F344 rats and had a nonsignificant tendency to increase ACTH level also in LEW rats (*P* = 0.067). Whereas the plasma levels of ACTH in unstressed LEW and F344 rats were similar, ACTH levels in stressed F344 rats were significantly higher than those in stressed LEW rats. As shown in [Fig. 1B](#fig1){ref-type="fig"}, stress significantly affected the plasma corticosterone (*F* ~1,26~ = 37.08, *P* \< 0.001), and this effect depended on the strain (*F* ~1,26~ = 11.77, *P* \< 0.01) and showed a stress × strain interaction (*F* ~1,26~ = 12.58, *P* \< 0.01). *Post hoc* analysis revealed similar baseline levels of corticosterone with a significantly higher effect of stress on the plasma corticosterone in F344 rats compared to LEW rats.Figure 1Plasma ACTH (A) and corticosterone (B) levels in rats exposed to repeated social defeat. The bars represent control unstressed (CTRL) and stressed rats. Data are given as the mean ± [s.e.m.]{.smallcaps} Significant differences between the stressed and unstressed animals of the same strain: \*\**P* \< 0.01 and \*\*\**P* \< 0.001 and between the F344 and LEW rats of the same treatment: ^\#\#^*P* \< 0.01 and ^\#\#\#^*P* \< 0.001.

Effect of stress on local metabolism of glucocorticoids in lymphoid organs
--------------------------------------------------------------------------

As shown in [Fig. 2](#fig2){ref-type="fig"}, exposure to stress significantly affected the 11-reductase activity of 11HSD1, in both stroma (thymus: *F* ~1,21~ = 33.72, *P* \< 0.001; spleen: *F* ~1,20~ = 126.58, *P* \< 0.001; MLN: *F* ~1,20~ = 52.16, *P* \< 0.001) and mobile cells (thymus: *F* ~1,20~ = 32.96, *P* \< 0.001; spleen: *F* ~1,20~ = 4.71, *P* \< 0.05; MLN: *F* ~1,14~ = 53.90, *P* \< 0.001), indicating stress-induced modulation of glucocorticoid regeneration in lymphoid tissues. Similarly, two-way ANOVA revealed a significant effect of the strain on 11-reductase activity in mobile cells of the thymus (*F* ~1,20~ = 14.80, *P* \< 0.01), spleen (*F* ~1,20~ = 5.46, *P* \< 0.05) and MLN (*F* ~1,14~ = 25.85, *P* \< 0.001), but no significant strain differences were found in the stroma of the three lymphoid organs. The stress × strain interactions were insignificant in all three tissues. *Post hoc* analysis showed a stimulatory effect of stress on the 11-reductase activity in studied lymphoid tissues of both strains, except for LEW splenocytes. In addition, a significantly higher effect of social defeat was found in thymocytes and MLN mobile cells of LEW rats than in their F344 counterparts. 11-Reductase activity in splenocytes of control unstressed LEW rats was significantly higher than that in the F344 rats and was not further upregulated in splenocytes of stressed LEW rats.Figure 2Effect of stress on 11-reductase activity of 11HSD1 in the stroma (A) and mobile cells (B) in lymphoid organs of control unstressed (CTLR) and stressed rats. Data are given as the mean ± [s.e.m.]{.smallcaps} Significant differences between the stressed and unstressed animals of the same strain: \**P* \< 0.05, \*\**P* \< 0.01 and \*\*\**P* \< 0.001 and between the F344 and LEW rats of the same treatment: ^\#\#^*P* \< 0.01 and ^\#\#\#^*P* \< 0.001.

Expression of 11HSD2 measured as 11-oxidase activity was found in stroma, but it was not observed in mobile cells ([Fig. 3](#fig3){ref-type="fig"}), which agrees with previous findings of absent 11HSD2 in lymphoid cells ([@bib9]). Expression of 11HSD2 in the MLN and spleen was not changed following social defeat or strain differences. In contrast, the thymic activity was influenced by stress (*F* ~1,18~ = 4.43, *P* \< 0.05) and strain (*F* ~1,18~ = 13.25, *P* \< 0.01), with significantly increased levels in LEW compared to F344 rats and a significant downregulation by stress ([Fig. 3](#fig3){ref-type="fig"}).Figure 3Effect of stress on 11-oxidase activity referring to 11HSD2 in the stroma of lymphoid organs of control unstressed (CTRL) and stressed rats. Data are given as the mean ± [s.e.m.]{.smallcaps} Significant differences between the stressed and unstressed animals of the same strain: \**P* \< 0.05 and between the F344 and LEW rats of the same treatment: ^\#\#^*P* \< 0.01.

Effect of stress on local metabolism of glucocorticoids in pituitary
--------------------------------------------------------------------

As release of ACTH in pituitary is controlled by glucocorticoid negative feedback ([@bib30]), this gland expresses 11HSD1 ([@bib12]) and ACTH and corticosterone response to stressogenic stimulus differs between F344 and LEW rats ([Fig. 1](#fig1){ref-type="fig"}), we determined whether stress results in changes of pituitary corticosterone metabolism. In contrast to lymphoid organs, pituitary tissue incubated *in vitro* with radioactive steroids only resulted in conversion of 11-dehydrocorticosterone to corticosterone, while oxidation of corticosterone was not detected. This finding indicates the presence of 11HSD1 but not 11HSD2 in the pituitary. As shown in [Fig. 4](#fig4){ref-type="fig"}, the 11-reductase activity of 11HSD1 was higher in F344 rats than in LEW rats (*F* ~1,21~ = 12.56, *P* \< 0.01), but stress did not modulate the conversion.Figure 4Strain difference in 11-reductase activity of 11HSD1 in the pituitary of F344 and LEW rats. The bars represent the mean ± SEM of control unstressed (CTRL) and stressed rats. Significant differences between the F344 and LEW rats of the same treatment: ^\#^*P* \< 0.05 and ^\#\#^*P* \< 0.01.

Discussion
==========

In the present study, we have characterized the consequences of social stress on glucocorticoid metabolism in the lymphoid organs and pituitary of two inbred rat strains with differing HPA axis responsiveness. The F344 strain has been classically used as a model of HPA axis hyperactivity and hyperreactivity to stress associated with inflammation resistance, whereas the LEW strain has a hypoactive and hyporeactive HPA axis, which has been associated with vulnerability to immune diseases ([@bib22], [@bib23]). Consistent with previous report ([@bib22]), the plasma corticosterone and ACTH levels were elevated in both strains after the social defeat challenge, and the effect was greater in F344 rats. Although this result confirms the strain difference in the HPA axis, our findings demonstrate the tissue-dependent effect of stress on the local regeneration of biologically active glucocorticoids and its partial strain dependence.

Amplification of glucocorticoid metabolism in the immune system during social defeat indicates that the local effect of glucocorticoids follows both the systemic patterns of glucocorticoid synthesis by the adrenal gland and the local regeneration of corticosterone catalyzed by 11HSD1 via its 11-reductase activity. In contrast, the absence of any stress-dependent changes of pituitary 11-reductase activity excludes the possibility that stress might be associated with amplification of glucocorticoid signals, which are known to influence the secretion of pituitary ACTH via negative feedback ([@bib30]). Considering the regulatory effects of glucocorticoids in immune cells ([@bib19], [@bib20], [@bib21]) and the expression of 11HSD1 in lymphocytes and immune organs ([@bib6], [@bib8], [@bib9]), the stress-induced upregulation of corticosterone regeneration in lymphoid organs might provide immune cells/organs with a novel intracrine regulatory pathway. Similar stress-induced increase of 11HSD1 was recently shown in liver ([@bib11]) and murine macrophages ([@bib16]), respectively.

The presence of 11-oxidase and 11-reductase activities in the stroma tissue of lymphoid organs but the absence of 11-oxidase activity in the mobile cells of lymphoid organs may reflect the presence of different subsets of cells such lymphocytes, macrophages and thymocytes in the pool of mobile cells and fibroblast, thymic epithelial cells and vascular endothelial and smooth muscle cells in the stroma. Both isoforms of 11HSDs were identified in vascular cells, whereas epithelial cells express only 11HSD2 and fibroblasts, lymphocytes, thymocytes and macrophages only 11HSD1 ([@bib5], [@bib7], [@bib9]). In addition, it has been shown recently that thymic 11HSD2 is located at the perivascular sites of capillaries and small vessels penetrating the thymus ([@bib31]) and in the thymic epithelial cells ([@bib32]). Our findings are in full concordance with these data. We identified 11-reductase and 11-oxidase activities in the stroma and 11-reductase activity in the mobile cells, which indicates operational 11HSD1 and 11HSD2 in lymphoid organ stroma but 11HSD1 only in the mobile cells.

The mechanism by which social stress modulates 11HSD1 remains unknown; however, several studies have demonstrated the regulation of 11HSD1 by transcription factors of the CCAT/enhancer-binding protein (C/EBP) family ([@bib33], [@bib34]) and their induction by catecholamines ([@bib35], [@bib36]) or glucocorticoid ([@bib37]). Thus, it is likely that upregulation of 11HSD1 during stress might be associated with indirect regulation via C/EBP pathway activated either by increased plasma level of corticosterone or by increased activity of catecholaminergic pathway through norepinephrine released from adrenergic terminal or through local biogenesis of catecholamines in the target tissue ([@bib38]).

Consistent with previous studies, F344 rats had an exaggerated stress response compared to the LEW strain, as measured by the plasma ACTH and corticosterone, but the present data also revealed clear inter-strain differences in the local regeneration of glucocorticoids both in the pituitary and lymphoid organs, particularly in mobile cells. Compared to the F344 strain, the LEW rats exhibited a lower resting regeneration of corticosterone in the pituitary, which was insensitive to repeated social challenge. In contrast, such challenge in LEW strain was associated with an increased regeneration of corticosterone in thymocytes and MLN mobile cells and with decreased corticosterone inactivation in thymic stroma. In addition, the splenocytes from untreated LEW vs F344 rats showed an increased corticosterone regeneration, which was not further upregulated by stress. These findings suggest that the hyporesponsiveness of the HPA axis in LEW rats compared to the F344 strain ([@bib22], [@bib23]) is not associated with the LEW vs F344 difference in glucocorticoid metabolism in the pituitary. However, the well-known increased vulnerability of LEW rats to immune/inflammatory challenge ([@bib24]) might be associated with a higher regeneration of corticosterone from 11-dehydrocorticosterone in thymocytes and MLN mobile cells of LEW rats exposed to stress. Considering that glucocorticoids can antagonize the signal transduction delivered through T cell receptors in lymphocytes ([@bib21], [@bib39]), differences in corticosterone regeneration might distinctly modulate the activation and survival of T cells in the immune organs of both strains, even if further studies will be needed to evaluate this possibility. Analogous to our findings, immune tissues of stressed LEW rats exhibit reduced glucocorticoid receptor binding compared to F344 rats, even if there are no strain differences in the total glucocorticoid receptor levels in most immune tissues ([@bib22]).

In summary, our findings indicate that social stress increases the local glucocorticoid production in lymphoid organs via corticosterone regeneration from a biologically inactive 11-oxo derivative, 11-dehydrocorticosterone, and this regeneration partially depends on the strain. As the stress-dependent increase of glucocorticoid production in mobile lymphoid organ cells is higher in LEW than in F344 rats, it is reasonable to assume that these strain-dependent differences might participate in the higher susceptibility of the LEW strain to inflammatory diseases.
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[^1]: Body weight is expressed in grams and organ weights in milligrams per 100 g of body weight (shown as mean ± [s.e.m.]{.smallcaps}, *n* = 6--7 rats per group). Statistically significant differences between control and social defeat group: \**P* \< 0.05 and \*\*\**P* \< 0.001 and between the strains: ^\#\#^*P* \< 0.01.
